A British isolate of potato aucuba mosaic potexvirus (PAMV) was transmitted by aphids (Myzus persicae) which had fed previously on a source of potato Y potyvirus (PVY). Nucleotide sequence analysis of the PAMV coat protein gene indicated that amino acid residues 14 to 16 from the N terminus of the coat protein have the sequence DAG, which is also found in the coat proteins of potyviruses and is required for their aphid transmissibility. A recombinant virus isolate (TXPA7) was produced in which a segment of the coat protein gene of PAMV encoding the 40 N-terminal amino acids was inserted in the genome of potato X potexvirus (PVX) in place of the segment encoding the 28 Nterminal amino acids of PVX coat protein. This isolate, and a second similar recombinant (TXPAS) in which the DAG motif was changed to YTS, were mechanically transmissible to intact plants, in which they caused slightly milder symptoms than PVX. Particles of TXPA7 reacted in immunosorbent electron microscopy with PVX-and PAMV-specific antibodies and so were antigenically distinguishable from PAMV and PVX particles, which reacted only with their homologous antibody, and from TXPA5 particles, which reacted only with the PVX antibody. Recombinant TXPA7 was transmitted by aphids that had already fed on a source of PVY whereas TXPA5 and PVX were not. TXPA7 was not transmitted by aphids that had not fed on a PVY source. It is concluded that (i) the potyvirus-dependent aphid transmissibility of PAMV results from possession of a domain which includes the DAG motif and is located near the N terminus of the virus coat protein, and (ii) potyvirus-dependent aphid transmissibility can be conferred on PVX, a non-aphid-borne potexvirus, by substituting this domain for the N-terminal part of its coat protein.
Introduction
Potato aucuba mosaic virus (PAMV) has many properties that are characteristic ofpotexviruses, and is included in the potexvirus group. However, unlike well studied potexviruses such as potato virus X (PVX), which are not aphid-transmissible in any of the conditions tested, PAMV can be transmitted by aphids from plants coinfected with either of two potyviruses, potato A (PVA) and potato Y (PVY) viruses, but not from plants containing PAMV alone (Clinch et al., 1936; Kassanis, 1961) . Furthermore, aphids fed previously on a PVYinfected plant can acquire and transmit PAMV from a second plant although they do not transmit it when the order of virus acquisition is reversed (Kassanis & Govier, 1971a) .
Potyvirnses are transmitted by aphids in a nonpersistent manner by a mechanism that involves the virus-encoded non-structural protein known as helper component. Aphids which have already fed on a preparation of PVY helper component can transmit PVY acquired subsequently by feeding on purified preparations of virus particles whereas those not carrying helper component cannot transmit PVY acquired in this way (Govier & Kassanis, 1974a) . Similarly, aphids carrying PVY helper component can acquire and transmit PAMV from sap extracts Govier & Kassanis, 1974 b) . Helper component is thought to mediate the attachment of potyvirus particles to surfaces in the aphid's maxillary stylets (Berger & Pirone, 1986) . The domains of helper component and virus coat protein that confer this property have still to be identified. However a tripeptide (usually DAG) near the N terminus of the potyvirus coat protein has been predicted to play a key role in aphid transmission (and perhaps in particle attachment to the stylets) because it is conserved in different potyviruses in an otherwise extremely variable part of the amino acid sequence but is altered in potyvirus strains that have lost their aphid transmissibility (Harrison & Robinson, 1988) . Further 0001-1601 © 1993 SGM work has confirmed that this DAG motif is important for aphid transmission of potyviruses: changing it to DAE, or deleting it, abolished the aphid transmissibility of tobacco vein mottling potyvirus (Atreya et al., 1990; 1991) , and changing DTG to DAG converted an aphid non-transmissible strain of zucchini yellow mosaic potyvirus into a transmissible one (Gal-On et al., 1992).
Inspection of the amino acid sequence deduced for the coat protein of a Russian isolate of PAMV (Bundin et al., 1986) of unknown aphid transmissibility showed that the sequence DAS occurs at residues 14 to 16 from the N terminus. A DAS sequence also occurs instead of DAG in a strain of tobacco etch potyvirus (TEV) which, however, is not aphid-transmissible (Simons, 1976; Allison et al., 1985) . Nevertheless, it seemed possible that potyvirus-dependent aphid transmission of PAMV might depend on helper component-associated recognition of a motif in the N-terminal region of PAMV coat protein which is similar to that recognized in the potyvirus coat protein. To test this hypothesis, we have determined the amino acid sequence of the N-terminal part of the coat protein, and the aphid transmissibility, of a British isolate of PAMV. We have also exploited the recent finding that the N-terminal region of PVX coat protein is exposed on the surface of the virus particles and can be modified extensively without eliminating infectivity (Baratova et al., 1992; Chapman et al., 1992a). Armed with this knowledge, we have exchanged the N-terminal region of the coat protein of PVX for that of PAMV and tested the effect of the substitution on potyvirusdependent aphid transmissibility of PVX.
Methods
Virus isolates. The PAMV isolate, kindly provided by C. Robertson (S.A.S.A., East Craigs, Edinburgh, U.K.) was originally obtained from potato cv. Ninetyfold and was maintained either in potato plants, as frozen sap or in mechanically inoculated Nicotiana elevelandii plants. The isolate of the ordinary strain of PVY (PVY °) was from potato cv. King Edward and was maintained in mechanically inoculated or aphidinoculated N. benthamiana plants. The PVX culture was a group 3 isolate (PVXv~3) which was regenerated by inoculation of plants with infectious RNA transcripts derived from the full-length cDNA clone pTXS, coupled to the promoter for T7 RNA polymerase (Kavanagh et al., 1992) . The transcripts were prepared and inoculated to plants as described by Chapman et al. (1992b) . This isolate, and the recombinant isolates described below, were cultured in mechanically inoculated plants of Capsicum annuum cv. Bell Boy and N. clevelandii.
Determination ofnucleotide sequences. A cDNA representing the 5' region of the PAMV coat protein gene was amplified by PCR and cloned. PAMV particles were purified and RNA was extracted from them by standard methods (Kassanis & Govier, 1972; Murant et al., 1972) . Synthesis of the first DNA strand was primed with the oligonucleotide 5' gcgaggectgacgcactgaactgc 3' (primer 1) in which the 16 underlined residues are complementary to the sequence of a Russian isolate of PAMV between positions 715 and 700, as reported by Bundin et al. (1986) , who used a numbering system running from 3' to 5'. The bold sequence is the recognition site for StuI. The PCR was performed with primer 1 and primer 2 (5' gggaetgatggttgattctaagaaaacgg 3'), in which the 22 underlined residues are the DNA version of the PAMV sequence between residues 785 and 764 (Bundin et al., 1986) and the atg is the DNA version of the initiation codon of the coat protein gene. The bold sequence is the recognition site for ClaI.
Production of recombinant isolates of PVX. Recombinant virus isolates incorporating PAMV sequence in the PVX genome were constructed by manipulation of cDNA which was then transcribed into infectious RNA (Chapman et al., 1992b) . The PVX cDNA in the recombinant cDNA was derived from pTXS, and the introduction of the PAMV cDNA exploited the presence of a ClaI site in plasmid pTXAGC3A (Chapman et al., 1992 b) . The latter is a modified form of pGC3, a plasmid in which the fl-glucuronidase (GUS) (uidA) gene of Escherichia coli is coupled to a duplicated copy of the promoter for the coat protein mRNA of PVX (Fig. 1) . In pTXAGC3A the ATG corresponding to the initiation codon of the GUS open reading frame (ORF) is modified to AGG and the entire GUS gene is deleted (Fig. 1) . These modifications to pGC3 were made by a two-step process. First, primers 3 and 4 shown in Fig. 1 were used in the production by PCR of a mutant fragment of pTXS. Primer 3 was a DNA copy of the viral strand of PVX between nucleotides 4486 and 4506 (5' ttgagaggatccatatggatattctcatcagtagt 3') and primer 4 was the mutagenic primer 5' gcggtcgacgatatcgcgategatgctagctggtgctgacctctttcg 3' in which the underlined residues are the DNA version of the complementary strand of the PVX genome between residues 5644 and 5688 and the bold sequence is the recognition site for ClaI (numbering of the PVX sequence is according to Huisman et al., 1988) . The product of PCR with these primers and a pTXS template was then digested with ApaI and ClaI, and substituted in pGC3 for the ApaI-ClaI fragment containing the GUS gene ( Fig. 1) to produce pTXAGC3A.
The plasmid pTXPA7 was produced from pTXAGC3A by substituting PCR-amplified cDNA from PAMV for the ClaI-StuI fragment of PVX (Fig. 1 ). This cDNA sequence was designed so that the segment derived from PAMV would be fused in-frame with the coat protein gene of PVX in the hybrid eDNA of pTXPA7. In this construction, the junction between the PAMV and PVX sequences at the StuI site would be at the sequence encoding SAS in PAMV, which is equivalent to TAS in the N-terminal part of the PVX coat protein.
The plasmid pTXPA5 is a modified version of pTXPA7 in which the PAMV eDNA was mutated before insertion into pTXAGC3A. The modifications changed the coding potential of the cDNA to amino acids YTS where the British isolate of PAMV encodes DAG (see below). The eDNA was mutated by the two-stage procedure of Higuchi et al. (1988) in which the mutagenic primers were 5' ccccaagtagtttatactagtaagaag 3' (primer 5) and the complementary sequence (primer 6), used in conjunction with primers 4 and 1. The underlined sequence in primer 5 indicates a SpeI site introduced at the YTS codons. The mutant cDNA was transferred into pTXAGC3A using ClaI and StuI sites, as in the construction of pTXPA7.
The nucleotide sequences of pTXPA5 and pTXPA7 were verified using the procedures of Murphy & Kavanagh (1988) and various primers based on the sequence of the UK3 isolate of PVX in the region of genes encoding the 8K protein and coat protein. Transcripts produced in vitro from cDNA clones as described by Chapman et al. (1992b) are given the prefix 't' (i.e. tTXS, tTXPA5 and tTXPA7). Isolates derived from these transcripts are named TXS, TXPA5 and TXPA7.
Preparation and inoculation of protoplasts. Tobacco (N. tabaeum) mesophyll protoplasts were prepared, and were inoculated with viral transcript RNA by electroporation, as described by Chapman et al. (1992 b) , except that the products of a 25 lal transcription reaction were used as an inoculum for electroporation and that the protoplasts were finally resuspended in 4 ml of culture medium. The resuspended protoplasts were divided equally between four wells of a 25-well Petri dish, previously coated with 1% agarose-0.7 M-mannitol, and were incubated at 23 °C. Protoplasts were collected from the wells after various incubation periods and total RNA was extracted from them.
RNA analysis. RNA was extracted from infected leaves or protoplasts according to the method of Baulcombe et aL (1984) . For Northern blot analysis, the RNA extracted from 30000 protoplasts was electrophoresed on a 0"9 % (w/v) agarose-formaldehyde gel and processed for hybridization as described by Chapman et al. (1992b) . An RNA probe specific for positive-strand RNA of PVX was produced by transcription of ApaI (nucleotide 4945)-linearized pTXS, using T3 RNA polymerase as described by Chapman et al. (1992b) .
The stability of the PAMV sequence in the progeny RNA of TXPA5 and TXPA7 was verified by analysis of eDNA produced using the PAMV-specific primer 2. The eDNA was amplified by PCR with primers 1 and 2 and the product digested with SpeI or NaeI. The recognition sites for these enzymes diagnose the DAG-or YTSencoding regions of the two virus isolates (Fig. 2a) .
Serological tests. Virus isolates were tested for reactivity with polyclonal antisera to PAMV and PVX by immunosorbent electron microscopy, as described by Roberts & Harrison (1979) . Sap extracted in 0.1 M-citrate buffer pH 6.2 from systemically infected N. clevelandii leaves was used as the virus source. Samples were negatively stained in sodium phosphotungstate, pH 7"0, and the numbers of particles trapped were estimated by the method of Roberts (1980) .
Transmission by aphids. Apterous adults or late-stage nymphs of
Myzus persicae reared on turnip were fasted for 1 to 3 h before use. They were placed on N. benthamiana leaves systemically infected with PVY for < 5 min and were then transferred individually to N. clevelandii leaves that were systemically infected with one of the potexvirus isolates for a second feed of < 6 rain, before being placed on test plants. In each experiment, alternating test plants received aphids which had acquired a different potexvirus isolate. After a further 1-5 to 4 h the aphids were removed individually and killed, and the test plants were fumigated with nicotine to kill any young nymphs that may have been produced. The plants were then transferred to a containment glasshouse maintained at 15 to 25 °C, and the development of symptoms was recorded over a period of 4 weeks. Test plants consisted of pepper (C. annuum cv. Bell Boy) at the cotyledon stage or N. benthamiana at the four-leaf stage. C. annuum is a host of PAMV and PVX but is immune to infection with the strain of PVY that was used. N. benthamiana is a host for all three viruses.
Tests on aphid-transmitted isolates. The identity of virus isolates transmitted to pepper was apparent from the symptoms they induced: systemic necrosis (PAMV) or mosaic (PVX and the recombinant isolates). In contrast, the symptoms induced in N. benthamiana were less diagnostic and many plants became infected with PVY alone or in combination with other viruses. The identity of such viruses was determined by inoculating sap from each N. benthamiana seedling to N. benthamiana, pepper and/or Datura stramonium (immune to PVY). This enabled all viruses and virus mixtures to be identified, except that PVY could not be identified in plants coinfected with PVX or the recombinant isolates. 
Results

N-terminal region of PAMV coat protein
To obtain the PAMV sequence as cDNA suitable for insertion into pTXAGC3A, the RNA of the 5' part of the coat protein gene was reverse-transcribed and the product amplified by PCR, with primers incorporating the recognition sites of ClaI or StuI and including the Bundin et al., 1986] in which the initiation codons of the coat protein genes are underlined and the StuI site used in the constructions is in bold type. The recognition site of NaeI at the AG codons of the DAG motif of pTXPA7 is in bold italics. (b) The N-terminal amino acid sequences of PVX, recombinant and PAMV coat proteins deduced from the cDNAs ofpTXS, pTXPA7, pTXPA5 and PAMV(R) in the region up to the StuI site of the eDNA sequences. The modified amino acid residues are shown in bold.
PAMV sequence derived from the published data of Bundin et al. (1986) . The PAMV c D N A was amplified efficiently in this procedure, indicating that the British isolate was similar to the Russian one in the regions of the primers. However the sequence from cloned copies of the amplified c D N A included several differences compared to the Russian isolate (Fig. 2) , some of which affected the sequence of the protein product. The sequence shown in Fig. 2(a) was identical in four independent clones of the British isolate, indicating that the differences from the Russian sequence were not artefacts of the PCR procedure.
The six differences in the deduced amino acid sequences of the British and Russian PAMV isolates would not have affected the overall charge of the coat protein, but one of the changes (S-+ G at position 16) is notable in that it converts the DAS motif of the Russian isolate to D A G (Fig. 2b) . The British isolate therefore contains the motif that is required for helper componentmediated aphid transmission of potyviruses (Harrison & Robinson, 1988; Atreya et al., 1990) .
Infectivity of transcript R N A of P V X and recombinant viruses
R N A transcripts (Chapman et al., 1992b) were prepared from plasmid DNA. Wild-type PVX R N A was produced as tTXS, whereas tTXPA5 and tTXPA7 represented the recombinant viruses with the Y-terminal region of the coat protein gene of PAMV substituted into the homologous region of TXS. The TXPA7 isolate had the wild-type sequence of PAMV, and TXPA5 the modified TXS TXPA5 TXPA7 kb 6.4
2.1 0.9 Fig. 3 . Northern blot analysis of RNA extracted from tobacco protoplasts 20 h after inoculation with tTXS, tTXPA5 or tTXPA7. Duplicate RNA samples equivalent to the yield from 30000 protoplasts were fractionated by electrophoresis, blotted onto Hybond N membranes (Amersham) and hybridized to ~2P-labelled RNA complementary to the region of pTXS on the 3' side of the ApaI site (Fig. 1) . The membranes were autoradiographed after hybridization and washing. The exposure time was 2 h. The major RNA species detected were the genomic RNA (6.4 kb) and subgenomic mRNAs of 2.1 kb and 0.9 kb.
sequence, i.e. with nucleotides encoding D A G at positions 14 to 16 in the PAMV coat protein changed to those encoding YTS (Fig. 2b) . The infectivity of these transcripts was tested by inoculation into protoplasts of N. tabacum and analysis of viral R N A production by Northern blotting. The results from this test (Fig. 3) showed that both hybrid viral genomes accumulated at a lower level than the progeny of TXS. There was also an effect of the PAMV sequences on the accumulation of the 0.9 kb subgenomic m R N A : in the hybrid viral infections there was relatively less of this R N A compared to the other viral RNAs than in the progeny of TXS. These two effects are probably interrelated because coat protein production is necessary for high level accumulation of the PVX genomic R N A (Chapman et al., 1992a) .
Symptoms in plants
The three R N A transcripts, tTXS, tTXPA7 and tTXPA5
were inoculated to N. clevelandii plants, which developed systemic symptoms. These systemically infected leaves were used as sources of sap for mechanical inoculation of other plants. In general, the symptoms induced by isolate TXS were slightly more severe than those induced by TXPA5 or TXPA7; the last was the least virulent. Symptoms in five plant species are listed in Table 1 . In four species, TXPA5 and TXPA7 produced similar numbers of local lesions, which were non-necrotic or had only a little necrosis, whereas the local lesions induced by TXS were more numerous and at least partly necrotic. Fig. 4 shows the symptoms in inoculated leaves of N. clevelandii. All three virus isolates induced similar systemic symptoms in N. benthamiana and N. clevelandii, but TXS induced slightly more severe symptoms than the recombinant isolates in C. annuum and N. tabacum (Table 1) .
Antigenic properties
In immunosorbent electron microscopy tests, TXS particles were trapped by PVX antiserum but not by P A M V antiserum, and P A M V particles were trapped by PAMV antiserum but not by PVX antiserum (Table 2) . Particles of recombinant isolate TXPA7 were trapped by PVX antiserum but less strongly than those of TXS. However, TXPA7 particles were also trapped to a moderate extent by P A M V antiserum. In comparison, TXPA5 particles were trapped by PVX antiserum somewhat less strongly than those of TXPA7, and they were not trapped by P A M V antiserum (Table 2) . These results show that the presence of the PAMV N-terminal region reduces the reactivity with PVX antibodies, presumably because some of them were directed against this region of the PVX coat protein. The reactivity of TXPA7 with PAMV antibodies shows that some are directed against the N-terminal region of the PAMV coat 223 (45) 49 (10) 5 (1) * Values represent the total numbers of virus particles in 150 fields of view at 10000 x magnification and are means for grids floated on leaf extracts for 1 or 2 h. Values in parentheses are factors of increase in particle numbers relative to those on control grids. protein, and the lack of reactivity with TXPA5 shows that the DAG sequence forms part of the epitopes that are detected and/or that its modification to YTS causes conformational changes that destroy these epitopes. Particles of recombinants TXPA5 and TXPA7 (Fig. 5 ) were morphologically indistinguishable from those of PVX (TXS), although their concentration in sap was somewhat lower. Table 3 summarizes the results of five aphid-transmission experiments. Isolates TXS and TXPA5 were not transmitted in any test whereas TXPA7 and PAMV were transmitted consistently by aphids that had previously fed on PVY-infected leaves. Similar results were obtained with N. benthamiana test plants, many of which became infected with PVY, and with pepper test plants (Fig. 6) , which are PVY-immune (Table 3) . In a further test it was established that TXPA7 was not transmitted to 10 pepper seedlings by aphids that had not fed previously on a PVY source, whereas comparable aphids that had previously fed on PVY-infected leaves acquired and transmitted TXPA7 to seven of 10 seedlings. In one of the experiments summarized in Table 3 , RNA was obtained from a plant infected with aphid-inoculated TXPA7 and from one infected with an aphid nontransmitted source of TXPA5. The retention of the PAMV-specific sequences was confirmed by showing that cDNA of this RNA was primed by the PAMV- Fig. 6 . Pepper seedlings exposed to virus-carrying aphids. All aphids were fed on sources of PVY followed by (left to right) TXS, TXPA5, TXPA7 or PAMV. Only TXPA7 (inducing mosaic) and PAMV (necrosis) were transmitted. specific primer 2 (see Methods) and could be amplified by PCR using primers 1 and 2. As predicted from the sequence of the primary cDNA (Fig. 2a) , the cDNA of TXPA5 progeny was completely digested with SpeI and the cDNA of TXPA7 progeny with NaeI (data not shown).
Aphid transmissibility
These results show for the first time that an aphid non-transmissible virus (PVX) can be converted to aphid transmissibility and that the signal for this aphid transmissibility resides in the region near the N terminus of the PAMV coat protein that was transferred to PVX. Furthermore, the fact that TXPA5 was not aphidtransmissible is consistent with the evidence of others (Harrison & Robinson, 1988; Atreya et aI., 1990 Atreya et aI., , 1991 Gal-On et al., 1992) that the DAG motif in the Nterminal region of the coat protein of potyviruses plays a key role in their aphid transmission. Similarly the DAG sequence would seem to be crucial for the potyvirusdependent aphid transmission of PAMV.
Discussion
There was a striking coincidence in the antigenic properties and aphid transmission properties of the PAMV isolate and the two hybrid viral isolates, TXPA5 and TXPA7. TXPA7 reacted with the PAMV antiserum in immunosorbent electron microscopy and was, like PAMV, transmitted by aphids in a potyvirus-assisted manner, whereas the non-reactive TXPA5 was nontransmissible. We conclude from this finding that potyvirus-assisted aphid transmission of PAMV depends on external features of the PAMV particle, as determined by the N terminus of the coat protein, which in PVX (and by analogy, PAMV) is exposed on the surface of the virus particles and is an immunologically prominent domain (Koenig & Torrance, 1986; S6ber et al., 1988; Baratova et al., 1992) . In addition, we suggest that these features allow helper component to mediate the binding of PAMV particles to the aphid stylets. However the results do not establish conclusively whether aphid transmissibility depends on the direct or indirect involvement of the N-terminal sequence. The same issue was considered, in a discussion of the role of N-terminal coat protein sequences in the aphid transmission of a potyvirus, by Gal-On et al. (1992) . They suggested, as an alternative to direct involvement, that the N-terminal region of aphid-transmissible isolates might participate indirectly by folding in such a way as to allow features in other parts of the coat protein to be exposed and to participate in the process. We currently favour the hypothesis of direct involvement of the N-terminal sequence, for two reasons. First, the' indirect' hypothesis requires similarity in the internal structures of PYX (or PAMV) and PVY particles. There may be some similarities in the amino acid sequences of the coat proteins of PVX (or PAMV) and PVY but they are unlikely to be sufficient to allow recognition by PVY helper component of a structure in PVX or PAMV coat protein. The second reason is discussed in more detail below and relates to the correlation between aphid transmissibility and the presence of a DAG motif in the N-terminal region of the viral coat protein. Kassanis (1961) reported that strains of PAMV differ in the extent of their potyvirus-dependent aphid transmissibility: some were transmitted frequently, some occasionally and others never. The aphid transmissibility of the Russian strain studied by Bundin et al. (1986) seems not to have been tested but the N-terminal region of its coat protein contains the sequence DAS, which is associated with aphid non-transmissibility in TEV (Allison et al., 1985) . In contrast, the strain we have studied is aphid-transmissible and its coat protein contains the motif DAG, followed immediately by K, a combination associated with high aphid transmissibility in potyviruses. This strongly suggests that the DAG motif near the N terminus of PAMV coat protein plays a key role in the potyvirus-dependent aphid transmission of PAMV. The aphid transmissibility of TXPA7 and
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non-transmissibility of TXPA5, in which the DAG is converted to YTS, is further support for this view. However, notwithstanding the greater concentration of PAMV particles than of PVY particles in N. clevelandii leaves, PAMV seems to be less readily transmitted from coinfected leaves than PVY (Table 3) . Perhaps this reflects a poorer compatibility of PAMV particles than of PVY particles with PVY helper component. Indeed we note that the DAG motif begins at residue 6 from the N terminus of PVY coat protein, and at residues 5 to 11 in other potyviruses, but not until residue 14 in PAMV. Thus the DAG of PAMV may be somewhat less available for interactions with other materials than that of PVY.
The hypothesis proposed by Harrison & Robinson (1988) to explain how potyvirus particles are transmitted by aphids had two main elements: (i) a role for the DAG motif in helper component-mediated attachment of virus particles to the maxillary stylets, and (ii) release of the attached virus particles by a tryptic-like cleavage on the carboxy side of the DAG sequence and possibly about 20 amino acid residues from it, where there is a potential trypsin cleavage site that is conserved in all potyviruses. The available experimental data are fully compatible with the first part of the hypothesis. As regards the second part, there is no exactly comparable motif in PAMV, but four potential trypsin cleavage sites occur between the DAG sequence and residue 30. Moreover, at least in TXPA7, this region is likely to be accessible to proteolytic enzymes, which readily remove residues 1 to 20 of the PVX coat protein (equivalent to 1 to 32 in TXPA7 and PAMV, which have longer N-terminal regions). The mechanism proposed for potyviruses therefore seems applicable to PAMV and TXPA7 also.
Over a period of more than 60 years there have been no confirmed reports of transmission of PVX by aphids. Moreover, the conferment of aphid transmissibility on isolate TXPA7 is the first example known to us of the conversion of an insect non-transmissible virus to insect transmissibility. This raises the question of how PAMV originally acquired aphid transmissibility, and of the likely evolutionary and ecological implications of such an event. One possible mechanism is through recombination between an ancestral form of PAMV and a coinfecting potyvirus such as PVY or PVA. Although recombination has been described between genomic RNA species of brome mosaic virus (Bujarski & Kaesberg, 1986) , and apparently also occurs among tobraviruses in nature (Robinson et al., 1987) , comparison of the amino acid sequences at the N termini of the coat proteins of potyviruses and PAMV provides no evidence for recombination. Apart from the DAG or DAS motifs, the sequences are different. A second possibility, which seems more plausible, is that possession of a coat protein N-terminal region containing a DAG-like motif confers an advantage unrelated to aphid transmissibility, and that a chance mutation to DAG has given the mutant virus the further advantage ofpotyvirusdependent transmissibility. Whatever the mechanism involved, acquisition of aphid transmissibility would be advantageous for a virus that otherwise could only spread between plants that are in physical contact. Thus even if only moderately efficient, potyvirus-dependent aphid transmissibility would enable PAMV occasionally to be carried by aphids to fresh hosts at a distance of metres or even kilometres from the source plant, and thereby to reach other crops or plant communities. However PAMV has become rare in British potato crops, presumably because seed-potato stocks are propagated from virus-free mother plants, and PAMV and PVY are not sufficiently common in other potato crops to allow PAMV to be spread within and among them by aphids. Consequently its survival in Britain is now largely dependent on the vegetative propagation of rare infected potato clones. In these conditions, potyvirus-dependent aphid transmissibility might be of little or no value, and the DAG motif might not be retained if it carries a fitness burden relative to other similar sequences or if random non-disadvantageous mutations occur. Further work is needed to test these ideas.
